The objective of this study was to evaluate the use of a one-tube nested polymerase chain reaction (OTN PCR) with 5 concentration and lytic treatments for the detection of Mycobacterium bovis in experimentally inoculated milk samples (spiked samples). OTN PCR and the following treatments were tested in inoculated samples: 1) centrifugation; 2) C 18 -carboxypropylbetaine ϩ capture resin 1 ϩ Proteinase K (CB18-CH-PK); 3) centrifugation ϩ capture resin 1 ϩ Proteinase K; 4) centrifugation ϩ capture resin 2 ϩ Proteinase K; and 5) centrifugation ϩ immunomagnetic separation (IMS). The OTN PCR and the 5 treatments were evaluated in 2 different sets of spiked milk samples. One set consisted of 10-fold serial dilutions of a phenol-killed M. bovis in milk to final concentrations ranging from 5 to 50,000 cells/ml of milk. The other set of samples consisted of 2.5 serial dilutions of milk spiked with M. bovis to final concentrations ranging from 20.5 to 5,000 cells/ml of milk. Each treatment was repeated 5 times at each cell concentration. CB18-CH-PK and IMS were significantly more sensitive than other treatments. The lowest detection limit for these techniques was 20-50 cells/ ml of spiked milk. The specificity of OTN PCR in this study was high as demonstrated by the lack of DNA amplification products when M. bovis cells were not present in the samples. [The OTN PCR used in conjunction with CB18-CH-PK or IMS could be effectively used as a diagnostic and/or screening test for the detection of M. bovis in milk from herds with bovine tuberculosis.]
Bovine tuberculosis (TB) is a chronic zoonotic disease caused by Mycobacterium bovis. Bovine TB generates financial losses to the livestock industry and can be trasmitted to humans. Screening and diagnosis of TB in cattle is still problematic. Since 1917, the tuberculin test has been used for bovine TB screening in live cattle in the USA. 6, 8 The sensitivity of the various tuberculin tests ranges between 68.6% and 91.2% and the specificity between 75.5% and 98.8%. 6 These values suggest that the efficacy of any intradermal tuberculin test in control and/or eradication programs is limited. Direct diagnostic methods based on detection of the agent have been used to confirm TB in tissues collected at postmortem examinations. Mycobacterial isolation is highly specific but has poor sensitivity and is time consuming and labor intensive. Isolation of M. bovis via traditional culture methods may require 4-8 weeks. 17 The use of the polymerase chain reaction (PCR) in samples collected by noninvasive procedures (i.e., samples of milk, colostrum, and respiratory secretions) appears to be an acceptable alternative to my-cobacterial isolation in the diagnosis of TB in living animals. PCR is a rapid, sensitive, and practical technique based on the amplification of highly specific DNA sequences present in the agent of interest. Thus, PCR could be used as a screening technique (when performed at the herd level) or as a diagnostic technique (when applied at the individual level). 11, 21 There are certain issues, however, that must be addressed to improve the overall diagnostic ability of PCR. One of these issues is the lack of an efficient procedure for concentrating mycobacteria in a pellet for further identification. The low copy numbers of M. bovis present in clinical specimens and other mycobacterial characteristics such as buoyancy and surface tension hamper the efficient enrichment of mycobacteria in a pellet for further detection. Another aspect to be considered is the ease of DNA extraction in the sample. The use of C 18 -carboxypropylbetaine (CB18), a zwitterionic detergent, allows efficient concentration of mycobacteria after centrifugation by reducing buoyancy, surface tension, and mycobacterial clumping. [18] [19] [20] Paramagnetic beads coated with antibodies targeted at antigenic determinants have also been demonstrated as an efficient method to concentrate mycobacteria for further testing. 7, 12 In addition to a wide variety of DNA extraction methodologies, which are generally laborious and time consuming, the use of capture resins such as Chelex-100 1,2 (CH) and proteases such as Proteinase K (PK) 15 has proved simple and effective.
The objectives of the present study were to develop and standardize a one-tube nested PCR (OTN PCR) for the detection of M. bovis in spiked milk samples and to evaluate different techniques for M. bovis concentration and lysis.
Materials and methods

Study design
Two sets of unpasteurized whole milk samples from a TBfree dairy herd were spiked with a phenol-killed M. bovis clinical isolate from a tuberculous cow in Texas (kindly provided by the Mycobacterial Research Laboratory, Colorado State University). Quantification of M. bovis was performed by cell plate count in 7H11 medium. The bacteria were killed with 10% phenol and replated in 7H11 to confirm lack of viability of the isolate. To reduce mycobacterial clumping, 500 l of M. bovis in liquid medium was mixed with an equal volume of 2ϫ TBT buffer (40 mM Tris, 0.2% Tween 80, 0.5% bovine serum albumin) and left overnight at 4 C. From this suspension, serial 10-and 2.5-fold dilutions of the M. bovis suspension in 2ϫ TBT buffer were made after thoroughly vortexing. Spiking of milk was performed by dispensing 1 ml of each M. bovis dilution into 9 ml of milk. Final cell concentrations for the first set of cell dilutions were 50,000 cells/ml, 5,000 cells/ml, 500 cells/ml, 50 cells/ ml, and 5 cells/ml of milk. Final M. bovis concentrations for the second set of cell dilutions were 5,000 cells/ml, 2,000 cells/ml, 800 cells/ml, 320 cells/ml, 180 cells/ml, 51.2 cells/ ml, and 20.5 cells/ml of milk. Each set of cell dilutions included 5 negative control treatment tubes (unspiked milk samples). Final milk volume for both sets of dilutions was 10 ml. Milk samples were taken to a final volume of 20 ml by addition of sterile water before being subjected to treatment. Five different treatments, as described below, were evaluated before submitting the samples to amplification by OTN PCR. Each treatment was repeated 5 times per cell concentration. Once treatments were completed, 2.5 l of each sample was tested by PCR. One negative PCR control tube containing water as template was included in each PCR to provide evidence of any contamination or false-positive reactions.
Treatments
Centrifugation. Spiked and control milk samples were centrifuged at 13,000 ϫ g for 30 min at 10 C, and most of the supernatant was discarded. Pellet, fat layer, and residual supernatant (approximately 3 ml) were mixed by vortexing and tested by PCR 13 or subjected to the other treatments. Samples subjected to all other treatments except immunomagnetic separation were centrifuged following the same conditions.
CB18 with capture resin 1 and PK treatment. For this treatment (CB18-CH-PK), 1 ml of each spiked milk samples was treated with CB18 a as described by the manufacturer's protocol. 4 Capture resin 1 (CH) b was used according to manufacturer's instructions, and 15 l of PK c (1.135 mg/ml) was added to the sample. After a 30-min incubation at 56 C, PK was inactivated by heating at 100 C for 10 min. Samples were centrifuged at 10,000 ϫ g for 10 min. The transparent middle fractions were tested by OTN PCR.
Centrifugation with CH-PK treatment. After centrifugation, the CH-PK treatment was performed as above on the pellet and fat layer. Fractions were tested by OTN PCR.
Centrifugation with capture resin 2/PK treatment. After centrifugation, the pellet and fat layer fractions were treated with capture resin 2 (GNR) d at a 1:1 GNR: sample ratio. PK was added as described above (CB18-CH-PK treatment). Fractions were tested by OTN PCR.
Centrifugation with immunomagnetic separation treatment. For immunomagnetic separation (IMS), goat anti-rabbit IgG-coated paramagnetic beads (FC reactive) e were incubated with rabbit polyclonal serum (anti-H 37 RV whole cell lysate) for 90 min at room temperature with gentle shaking. Tubes were placed in a magnetic particle separator (MPC) for 2 min and washed 3 times with 1 ml of phosphate-buffered saline (PBS). The pellet and fat layer fractions obtained after centrifugation of milk samples were thoroughly mixed and incubated at room temperature with 120 l of coated beads for 90 min. After incubation, 1.2 ml of each sample was transferred into a 1.7-ml microcentrifuge tube and placed in the MPC for 10 min. Supernatants were pipetted out and discarded. Each sample was washed 2 times in 1 ml of PBS and separated on the MPC for 2 min between washings. Beads were resuspended in 25 l of ultrapure sterile water and tested directly by OTN PCR.
One-tube nested PCR
External PCR. The PCR was performed in 0.675-l microcentrifuge tubes. The first reaction mix was prepared and dispensed into the bottom of the tubes. Each 12.5-l reaction consisted of 50 mM KCl, 10 mM Tris-HCl, 0.01% gelatin, 1.5 mM MgCl 2 , 200 M each dNTP, 0.200 M of each external primer, 0.498 U of Taq DNA polymerase f mixed with TaqStart antibody as per the manufacturer's recommendations, and 2.5 l of the template DNA. The reaction was covered with 50 l of chill-out wax g to prevent evaporation and premature mixing of the 2 reactions. The second nested reaction was prepared first and dispensed into the lids of each tube. The primers for the external PCR targeted the protein antigen b-encoding gene of M. tuberculosis. The primer sequences are as follows: 16 MT1: 5Ј-ACC ACC GAG CGG TTC GCC TGA-3Ј; MT2: 5Ј-GAT CTG CGG GTC GTC CCA GGT-3Ј
Internal (nested) PCR. The volume of the internal (nested) reaction was 50 l, and the mixture consisted of 0.01% gelatin, 1.5 mM MgCl 2 , 200 M of each dNTP, 100 picomol of each nested primer per 50 l reaction, 1.992 U of Taq DNA polymerase f mixed with TaqStart antibody as per the manufacturer's recommendations, and 33.3 l per reaction of a suspension containing 0.75% agarose in 1.5ϫ PCR buffer. h The reaction mix was heated at 85 C for 7.5 min to melt the agarose, and 50 l of reaction mix was dispensed into the tube lids. The nested primer sequences are as follows: 14 NEBO 1: 5Ј-TGA CGT TGG CGG AGA CCG-3Ј; NEBO 2: 5Ј-ATG GTG CCC TGG TAC ATG-3Ј.
Thermal cycling parameters
External PCR. Following a 7.5-min hot start at 95 C in a PTC 0150 thermocycler, 9 the first PCR reaction was per- formed as follows: 4 cycles of 1 min at 95 C, 4 min at 55 C, and 1.5 min at 72 C; 28 cycles of 1 min at 95 C, 1.5 min at 55 C, and 1.5 min at 72 C; the last 72 C extension was increased to 3 min. The tubes were held at 4 C until the nested PCR was performed. Nested PCR. After completion of the external PCR, the tubes were briefly centrifuged to allow the 490-base pair (bp) product of the external PCR be the template for the second nested reaction. Tubes were heated briefly to melt the agarose, gently vortexed, and briefly centrifuged. The second PCR reaction consisted of 35 cycles. DNA denaturation was performed at 94 C for 1 min, annealing at 63 C for 1.5 min, and extension at 72 C for 1 min. The last cycle had a 2-min extension at 72 C. The tubes were held at 4 C until analyzed.
Product analysis
After thermal cycling reactions were completed, tubes were heated at 95 C to melt the agarose and enable products to be transferred to gels for elecrophoresis. Electrophoretic separations were performed in a 1.5% agarose gel, i stained with 0.1 mg/ml ethidium bromide solution, and observed under ultraviolet light. The final product size was 322 bp.
Lowest detection limit and specificity assessment for OTN PCR
The lowest detection limit of the technique was evaluated for both pure DNA and for spiked milk with whole M. bovis cells. Ten-fold serial dilutions of pure DNA 3 were tested by OTN PCR, with 50,000-0.5 fg of DNA per reaction. The lowest detection limit of OTN PCR, combined with each treatment, was also evaluated in both sets of spiked milk (10-fold and 2.5-fold M. bovis dilutions in milk). The spec-ificity was evaluated as the ability of the technique to yield a 322-bp product only in those samples where M. bovis was present in the form of either DNA or whole cells. Therefore, to evaluate the specificity, OTN PCR was tested against nonquantitatively measured amounts of DNA from M. bovis field strain BCG, M. avium subsp paratuberculosis, M. avium, and M. tuberculosis. In spiked samples, the specificity of the technique was evaluated by the absence of the 322bp product in those samples that had not been spiked with M. bovis (negative control samples).
Statistical analysis
A chi-square test was used to determine significant differences among the treatments in M. bovis detection. Fisher's exact test was used to determine significant differences between any 2 treatments at each cell concentration. To identify which treatment was significantly different from the rest, 10 pairwise comparisons were made using the least-significant-difference Z-test for proportions. 10 The level of significance for this study was 5%.
Results
Lowest detection limit and specificity evaluation of OTN PCR for pure DNA
OTN PCR detected as low as 5 fg and 0.5 fg of M. bovis DNA, which corresponds to 1 and 0.1 mycobacterial cells, respectively. When tested for specificity, OTN PCR amplified M. bovis strain and its serial dilutions and M. bovis BCG. No DNA from M. paratuberculosis, M. avium, or M. tuberculosis was amplified with these primers.
OTN PCR results in spiked milk samples
First set of spiked milk samples. Results of OTN PCR and treatments are detailed in Table 1 . No significant differences in the overall sensitivity among treatments were found within the first set of spiked milk samples. There were, however, significant differences between treatments by cell concentration.
Second set of spiked milk samples. Results of OTN PCR and treatments performed in this group of samples are presented in Table 2 . The overall sensitivity per treatment is presented in Table 3 . Significant differences were found among treatments, with the ex- ception of pairwise comparisons between centrifugation alone and GNR-PK, and between CB18-CH-PK and IMS.
Discussion
In this study, OTN PCR was standardized for the detection of M. bovis in spiked milk samples, and the effects of different concentrations and lytic techniques on OTN PCR results were evaluated. OTN PCR can be used either as a diagnostic method at the individual level or as a screening technique at the herd level. The technique has all the advantages of the nested PCR in terms of enhanced sensitivity and specificity but also has a reduced risk of cross-contamination because there is no transfer of amplification products between samples. OTN PCR is a rapid and easily performed laboratory diagnostic method. The lowest detection limit of OTN PCR on pure M. bovis DNA in this study was between 1 and 0.1 mycobacterial cells (5-0.5 fg of DNA) per PCR reaction. Previously reported results obtained with the same set of primers and with different primers targeting IS6110 coincide with these findings. 5, 9, 11, 14 In spiked milk samples, the efficiency of OTN PCR for detecting M. bovis varied depending upon the technique utilized for the concentration or lysis of the organism. The use of centrifugation alone to concentrate mycobacteria in a pellet yielded variable PCR results. Major differences were observed between the first and second set of spiked milk samples when centrifugation alone and the GNR-PK method were applied. These differences could have 2 possible explanations. First, milk samples tested in each trial were spiked with different sets of cell dilutions. The clumping pattern could have been different between sets of cell dilutions, and therefore the presence of amplified product would have varied across trials, even for the same cell concentration. Second, in this study 2 different batches of milk were tested, and the thickness of the fat layer was markedly different between batches. Because of their affinity for lipids, high numbers of mycobacteria can be found in the milk fat layer after centrifugation. 13 Therefore, the recovery of M. bovis after centrifugation and the efficiency of amplification when PCR is performed are expected to be influenced by the milk fat content. The performance of GNR-PK as a lytic technique was poor in both trials as compared with CH-PK. Product information suggests its use in at least a 3:1 GNR : sample ratio. Under the hypothesis that using GNR in conjunction with PK would allow for a reduction in GNR : sample ratio yielding equally efficient results, a 1:1 GNR : sample ratio was tested in this study. The results of both trials suggest that the ratio of GNR : sample used was not appropriate, even when PK was added at a final concentration of 1.135 mg/ml. The use of CH-PK produced amplification in both sets of spiked samples. Differences in the lowest detection limit between sets of dilutions could also be attributed to the different set of cell dilutions used for milk spiking. CB18-CH-PK and IMS achieved the highest overall sensitivity and the lowest detection limits in both sets of spiked samples. The powerful ability of IMS to concentrate cells due to the high affinity of the antibody-cell-antigens reaction, combined with the magnetic attraction between beads and magnet, allows for more consistent and reproducible results. CB18-CH-PK, however, is less time consuming and less labor intensive and requires smaller amounts of sample (1 ml of milk) than does IMS. By omitting the CH-PK treatment, CB18 has the same potential as IMS to be utilized in both culture and amplification procedures for the detection of M. bovis in clinical samples.
The specificity of the primers has been confirmed in previous studies by testing a large number of Mycobacterium species, Nocardia spp., Streptococcus spp., and Staphylococcus spp., 14 In this study, DNA extracted from M. tuberculosis and tested by OTN PCR was not amplified, possibly because of faulty DNA extraction, which could lead to lack of detectable DNA in the sample tested. Because M. tuberculosis is rarely present in the US cattle population, there is no need for differentiation of both amplification products.
A similar degree of specificity was achieved in spiked milk, as demonstrated by the presence of the 322-bp product and the lack of amplification products in the control samples (Figs. 1, 2) . The presence of an additional band of different molecular size was observed for milk in the CB18-CH-PK treatment (Fig.  1) . The exact meaning of those bands remains unknown, although the presence of a 322-bp band corresponding to M. bovis reduces the importance of the simultaneous presence of other products of different sized. Increasing the annealing temperature in the first Precautions should be taken when reporting the specificity of OTN PCR applied to field samples because of the wider variety of microorganisms to which the population under study might be exposed.
Mycobacterial clumping addresses a limitation in the estimation of the cell concentration that the technique can actually detect. For this reason, every cell concentration mentioned in this study should be con-sidered an approximation. The highest detection limit for OTN PCR and the presence of inhibition have been explored on M. bovis cells from liquid culture media. No inhibition was observed in the presence of high cell concentrations; however, either an excess of mycobacterial DNA or the presence of other inhibitors in milk may hamper the reaction. The routine use of serial dilutions of the samples or a PCR internal control could facilitate the detection of any PCR inhibition.
Results achieved in this study support the idea that OTN PCR with either IMS or CB18-CH-PK could be utilized in milk samples as an additional diagnostic tool in TB eradication programs. OTN PCR could be used on tank milk samples for the screening of bovine TB at the herd level or for the identification of M. bovis in milk samples from cows with a history of TB. In this study, OTN PCR was used successfully in a limited number of spiked samples. The validation of OTN PCR with a larger number of cow milk samples from infected herds is currently being performed. 
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